tites that have been tectonically emplaced along contiin the nonhydric upper landscape positions. Due to reducing condinental margins (Coleman and Jove, 1991) . Serpentine tions, the wetland contains low concentrations of M d relative to the minerals (antigorite, lizardite, and chrysotile) are the surrounding nonhydric terrain. Large vegetation differences between predominant minerals in serpentinite, while magnetite, moisture class coupled with moderate vegetation differences between brucite, and Mg-and Ca-aluminosilicates are common landscape units within the same moisture class, suggest that vegetation occurrence within the study area is controlled primarily by hydrology, accessory minerals (O'Hanley, 1996) .
and secondarily by elemental conditions.
Total elemental analysis of peridotites and serpentinites from the Klamath Mountains show low Ca and Al, and extremely low or no measurable K (Table 1) . Potassium is a trace element in ultramafic rocks with U ltramafic rocks occupy a small portion (Ͻ1%) of total concentrations on the order of 200 mg kg Ϫ1 (Goles, the earth's land surface, but are locally abundant 1967). Ultramafic rocks are noted for their elevated in ophiolite belts along tectonic plate margins (Brooks, levels of heavy metals compared with more common Mg and Ni abundance, Kram et al. (1997) suggested that K deficiency is responsible for poor productivity g kg Ϫ1 of a forested catchment in serpentinitic terrain in the   Peridotite  201  3  273  8  67  0  Serpentinite  189  3  239  9  69  0 Czech Republic. Alexander et al. (1989) identified a significant relationship between Ca/Mg ratios in surface † Data summarized from Quick, 1981; Graham et al., 1990. soils and timber yield index in the Klamath Mountains. Elevated Ca levels in surface soils have been attributed clude serpentine minerals, magnetite, Fe oxides (goeto biocycling (Hausenbuiller, 1972; Rabenhorst et al., thite, hematite, and maghemite), smectite, and chlorite. 1982; Alexander et al., 1985; Graham et al., 1990 ; Kram The abundance of Mg released from serpentine weathet al., 1997) , but in southeastern Pennsylvania, Barton, ering makes it the dominant cation on soil exchange and Wallenstein (1997) attributed high Ca/Mg ratios sites, leading to the characteristically low exchangeable under individual Virginia pine (Pinus virginiana P. Mill.) Ca/Mg ratios (Brooks, 1987) . The Ca/Mg ratio is typito increased leaching of Mg, not biocycling of Ca. These cally higher in A horizons (ෂ1.0) than in subsoils (ෂ0.1) researchers suggest that root growth increased parent (Rabenhorst et al., 1982; Alexander et al., 1989; Graham material weathering, resulting in better drainage and et al., 1990 , and shrubby species of (0.1-5.9) always decreased below the A horizon, often the genera Ceanothus (Kruckeberg, 1984) . by an order of magnitude. Soils on the Trinity serpentinPrevious studies have evaluated chemical and minerized peridotite have pH values mostly between 6 and 7, alogical properties of serpentinite-derived pedons or typically increasing with depth .
horizons (Rabenhorst et al., 1982; Alexander et al., 1989; Serpentine vegetation (collectively referring to vegeGraham et al., 1990; Bulmer and Lavkulich, 1994 ; Gastation on ultramafic rocks) is typically sparse, and bioser et al., 1995), but there is little information concerning mass productivity is low in comparison to that on soils derived from more felsic rocks. Many researchers attrithe spatial distribution of chemical properties across about 100 m south of the study area (Foster and Lang, 1994) .
serpentinite landscapes. This study was conducted to (i)
The study site has an elevation ෂ1200 to 1240 m. (Foster and Lang, 1994) .
environmental conditions and pedogenic processes on
The site was selected because it contained a range of landthe component landscape positions.
scape positions and hydrologic conditions within a geographically small area (ෂ3.2 ha). The area consists of a landslide bench and an associated scarp and flanks formed from a rota-
MATERIALS AND METHODS
tional slump (Fig. 2) . The ponded water behind the slump
Environmental Setting
block is maintained by groundwater flow, several springs, ephemeral streams, and overland water flow in the early The study site is in the Klamath Mountains physiographic spring. The headwaters of the inlet streams to the wetland province within the Trinity ophiolite in southwestern Siskiyou originate in ultramafic terrain, and the outlet streams drain County, CA (Fig. 1) . This ultramafic body, the largest in the into Mule Creek, a tributary of the East Fork Scott River Klamath Mountains, is composed primarily of olivine-rich, (Foster and Lang, 1994) . The slopes surrounding the stabilized serpentinized peridotite with minor inclusions of dunite, plabench (scarp and flanks) have gradients ranging from 28 to gioclase-bearing peridotite (2-10% Ca-plagioclase), and py-32%, and are mantled by moderately-deep to shallow, loamy roxenite (Lipman, 1964; Quick, 1981; Peacock, 1987) . Metamorto fine textured soils, and rock outcrops of serpentinized periphic alteration minerals within the rocks include serpentine dotite, while the landslide deposit (foot and bulge) has deep (antigorite, lizardite, and chrysotile), talc, tremolite, chlorite, clayey soils with slopes ranging from 3 to 16%. In recent years, and magnetite (Lipman, 1964) . Fine-grained (Յ20 m) calcite, the site has been selectively logged and is grazed seasonally dolomite, and magnesite are commonly disseminated as trace by cattle (Bos taurus ). components throughout the serpentinized peridotite (Peacock, 1987) .
Field Methods
Specifically, the study site is in the Scott Mountains, where mass wasting and fluvial erosion are the main geomorphic A large portion of the study area is a jurisdictional wetland. processes, and landslides are common in steep areas (Miles As described in the National Food Security Act Manual (Soil and Goudey, 1997 phytic vegetation is macrophytic plant life capable of growth classifications, geomorphic positions, vegetation, and moisture conditions of the landscape units are described in Table 2 . in substrates that are at least periodically deficient in O 2 as a result of high water content (National Research Council, Results will be presented and discussed with reference to landscape units. 1995). Hydric soils are defined as soils that formed under conditions of saturation, flooding, or ponding long enough A topographic survey of the area was prepared with a total station (Model No. Constructor DC-5, Spectra-Physics Laduring the growing season to develop anaerobic conditions in the upper part (Federal Register, 1994) . Wetland hydrology serplane, Inc., Dayton, OH), with an average sampling density of one elevation point per 7.5 m 2 . Surface maps were created criteria require a water table within 30 cm of the soil surface for a continuous period for Ͼ5% of the growing season in by kriging data with SURFER Ver. 6 (Golden Software, Inc., Golden, CO). A block diagram constructed from the surface one out of every two years (Environmental Laboratory, 1987; National Research Council, 1995) .
maps showing geomorphic features and sampling locations is in Fig. 2 . The wetland within the study area was delineated according to the criteria listed above. The vegetation was distinguished Porous cup suction lysimeters and wells were installed on a variety of landscape positions (Fig. 2) . Within Units 3 and in early May 1998, using Hickman (1993) and Vitt et al. (1988) , and wetland species were identified by using the Western 4, lysimeters were installed at 30-, 60-, and 90-cm depths. Lysimeters were installed at 60-, 90-, and 120-cm depths in Wetland Species List (Soil Conservation Service, 1985) . Hydric soils were identified according to hydric soil indicators Unit 2. Soil water chemistry, stream water chemistry, and water table depths were monitored seasonally (March, June, (USDA, 1996; Bell and Richardson, 1997) . The hydrology was interpreted from geomorphic setting (Brinson, 1993) and September, December) in 1996 and 1997. Stream water samples were collected from the inlet and outlet streams ෂ20 to direct observation of the water table on the surface, and by wells in the transition zone between the inundated region of 30 m from the wetland. Soil water samples were collected with a pressure vacuum hand pump (Model no. 2005G2, Soil the landslide and the dry upslope positions (Fig. 2) . Lateral flow and surface runoff from snowmelt in the winter and spring Moisture Equipment Corp., Santa Barbara, CA) at 5500 kPa of soil suction. All water samples were stored in polyethylene are the predominant sources of water in the wetland. Two streams above the wetland bring a considerable amount of bottles, and transported on ice to the laboratory where they were kept at 4ЊC until analyzed. water to the wetland in peak snowmelt periods. Two outlet streams drain the wetland, located on the north and the south side of the bulge. The north outlet stream is the primary Landscape Unit Descriptions drainage, evident by its lower elevation (Fig. 2) .
Unit 1: North Flank and Scarp. Soils in this unit are ArgixerSeventy surface soils (0-to 15-cm depth) occupying a variety olls, with some Haploxeralfs on the shoulderslope of the north of geomorphic positions were sampled by excavation with a flank. The main scarp contains an ephemeral stream that diftile spade. Landscape units (Fig. 2) were delineated based on vegetation, topography, soils, and landscape position. Soil fuses into the wetland near the border of Unit 2 and Unit ranged from 1.3 to 21.1%. On average, soils in Unit 4
RESULTS
In the area nearest Unit 3, the plant community consists of contain the highest concentration of C (Fig. 3) (Fig. 4) and the southern borders of Unit 6 drain the wetland. The (mean 3712 mg kg Ϫ1 ), near the border of Unit 3 (1729 northern outlet stream serves as the major drainage for the mg kg Ϫ1 ) (Fig. 7) . The mean concentration of Mn d in wetland, while the southern outlet only drains the wetland in Unit 3 is high, but not significantly distinguished from the winter and spring during peak snow melt. The dominant that in any other unit; however, Mn d concentration in vegetation in this unit includes ponderosa pine, incense cedar, Unit 6 is significantly larger than in Units 1, 2, 4, and buck brush, and California fescue (Festuca californica Vasey). (Soil Survey Staff, 1993) . Total C was determined by dry ෂ6 to 10 times lower than in the other units (Table 3) . (Holmgren, 1967 ) was used to as-6 (200 mg kg Ϫ1 ) (Fig. 10) , which are among the driest that the colluvium is not of serpentinitic origin. The source of the colluvium may be the metamorphic parent (Fig. 11) .
(
material of the Typic Haploxerept-Ultic Haploxeralf association that is mapped ෂ100 m south of the study
Soil Solution
area (Foster and Lang, 1994) . The nonserpentine parent Manganese is highest in lysimeters e, f, and k (Unit material also accounts for lower levels of heavy metals 3), and g (Unit 4) located near the border of Unit 6.
(Cr and Ni) and higher exchangeable Ca/Mg ratios in Iron concentrations are highest in lysimeters e, f, and soils of Unit 5 compared to Unit 1. k (Table 4) .
Exchangeable Cations DISCUSSION
Magnesium dominates the cation-exchange of all soils Parent Material Influence but those of nonserpentinitic Unit 5 (Table 3 ). The predominance of Mg on exchange sites is typical for serUnit 1 (north flank and scarp) and 5 (south flank) pentinitic soils, but biocycling leads to an increase of are on similar geomorphic positions (Table 2 ), yet they Ca/Mg ratios in surface soils (Cleaves et al., 1974 ; Rabepossess different soil chemical properties. Unit 1 has a nhorst et al., 1982). significantly higher pH, higher exchangeable Mg perSimilar K e and Na e values have been previously recentage, lower Ca/Mg ratio, and higher concentrations ported in serpentinite-derived soils (Alexander et al., of Cr d and Ni d (Table 3) . Differences in chemical proper-1989; Graham et al., 1990) . These elements are low ties between soils can be attributed to mineralogical because of their low concentration in the parent rock differences in parent materials. The source of Ca within (Table 1) . the study area has been identified as hornblende and Exchangeable Al is low throughout the study site, but tremolite (Lee, 1999) , however the distribution of these is highest in Unit 5 (mean 0.06 cmol c kg Ϫ1 ) (Table 3) . Ca-bearing amphiboles is not uniform throughout the Exchangeable Al concentrations in serpentinitic soils landscape. The surface horizon of Unit 5 contains ෂ1.5 are low relative to nonserpentinitic soils (Graham et fold more amphibole relative to Unit 1 (Lee et al., 1998) . Serpentine was not present in the medium silt and clay al., 1990), and have been considered to be insignificant (Rabenhorst et al., 1982; Bulmer and Lavkulich, 1994;  (mean, 0.02 cmol c kg Ϫ1 ). Within this study, the leaching of Ni from upslope and its subsequent accumulation in Gasser et al., 1995) . The higher concentration of Al e in Unit 5 probably results from the concentration of Al in lower landscape positions is a likely explanation of Ni e the nonserpentinitic parent rock (Table 1) . distribution. The low concentration of Ni e in Unit 4 is because of its topographic position, downslope of the nonserpentinitic Unit 5, where there is little contribution of Ni e from upslope leaching.
Dithionite-Extractable Metals
The concentrations of Fe d and Mn d measured in this study are similar to those of surface and near surface horizons of some previously studied serpentine soils (Bulmer and Lavkulich, 1994; Gasser and Dahlgren, 1994; Gasser et al., 1995) , but slightly lower than concentrations found in other Klamath Mountain serpentine soils . Within the study area, the highest concentrations of Mn d and Fe d are in the lowest (Fig. 7 and 9 ). Manganese and Fe are redox sensitive elements that are more soluble when in their reduced divalent state.
The Al d and Cr d concentrations in the study area are within the range of concentrations reported in previous They move with water to low landscape positions where they precipitate in surface horizons of localized oxidizstudies Bulmer and Lavkulich, 1994; Gasser and Dahlgren, 1994; Gasser et al., 1995) . ing environments. The relatively high Fe and Mn content in the soil water collected from lysimeters in Units Aluminum d and Cr d distributions are similar in Units 1, 2, 3, and 6 (Fig. 12) , consistent with the similar adsorp-3 and 4 near the wetland border (Table 4) reflect the mobility and concentration of Fe and Mn in the lower tion and solubility behavior noted for these elements by McGrath et al. (1995) and Trolard et al. (1995) . Unit landscape positions.
The Ni d concentrations within the study area are simi-5, formed from nonserpentinitic metamorphic colluvium over serpentinitic residuum, contains low concentralar to those previously reported in serpentine soil studies Bulmer and Lavkulich, 1994;  tions of Cr relative to Al possibly due to the difference in parent material. In serpentintic soils, Cr and Al are Gasser and Dahlgren, 1994; Gasser et al., 1995) . Within the study area, Ni d is highest in Unit 6 near the border predominantly in the nonexchangeable fraction (Gasser and Dahlgren, 1994 ) and considered to be immobile of Unit 3 (Fig. 8) , although the mean concentrations within these units are not significantly different from (Wildman et al., 1968; Bulmer and Lavkulich, 1994; Gasser et al., 1995) . Chromium is not as soluble as Mn and those in Units 1 and 2 (Table 3) . Nickel is commonly adsorbed to Fe and Mn oxides in high pH soils (McKenNi (Brooks, 1987) , therefore it remains upslope with the Fe oxides (Fig. 13) . The majority of Cr is in resistant zie, 1980). Gasser and Dahlgren (1994) found up to 2 mole% of Ni in Fe oxides, and a small amount of Ni in primary minerals, such as spinels (Kanig et al., 1990) , however Gasser and Dahlgren (1994) found substitution Mn oxides. Hickey and Kittrick (1984) suggested that in most soils ෂ50% of Ni is in primary minerals, ෂ20% is of Cr in the structure of Fe oxides at 1 mole%. Aluminum d is concentrated in the dry landscape posiin the Fe-Mn oxide fraction, with much of the remainder bound to the carbonate fraction (if present), and only tions surrounding the wetland (Units 1, 5, and 6) (Fig.  11) . Serpentine minerals are the main source of Al in a small proportion in the exchangeable and organic fractions.
serpentinitic terrain, and they can contain up to 10 wt.% Al (Wicks and Plant, 1979 
